Morphological and molecular phylogenetic analyses of an entomogenous fungus associated with larvae of Lepidoptera in Guizhou and Anhui, China showed it to be a new species, Metacordyceps neogunnii. It differs from similar species in having longer asci and wider ascospores. Multigene analysis of ITS, 18S, TEF1 and RPB1 sequence data also confirmed the distinctiveness of this species. This species has been wrongly regarded in China as 'Cordyceps gunnii' for more than 30 years. Cordyceps gunnii from Tasmania is considered to be in the family Ophiocordycipitaceae based on its multigene phylogeny and morphological analysis.
Introduction
Metacordyceps G.H. Sung, et al. introduced by Sung et al. (2007a) , and previously treated as a member of Cordyceps Fr. (Hypocreales), is characterized by solitary or grouped stromata that are simple or branched, with fleshy or tough whitish stipe, a greenish yellow to greenish cylindrical to enlarged fertile part, and perithecia partially or completely immersed in stromata (Sung et al. 2007a) . This genus comprises five species after transfer of 11 species to Metarhizium Sorokīn (Sung et al. 2007a , Kepler et al. 2012b , Quandt et al. 2014 , Index Fungorum, 2017 . In China, Cordyceps sensu lato has been extensively studied, and more than 140 species have been reported (Song et al. 2006 , Liang 2007 , Li et al. 2008a , 2008b , Lin et al. 2008 , Yang et al. 2009 , Gao et al. 2010 , Chen et al. 2011 , Wen et al. 2013 , Yan & Bau 2015 , Yang et al. 2015 . Of these species, the Chinese 'Cordyceps gunnii' used as a medicinal mushroom by local people, currently sells for about US$2000/kg, its annual yield from nature is about ten tonnes and the species is only distributed in southern provinces. It has been long recognized as a prized medicinal mushroom and a desirable alternative for natural Ophiocordyceps sinensis. This mushroom contains many bioactive chemicals with a high biological activity (Xiao et al. 2004 , Zhu et al. 2011 , b, 2013 . Experiments towards its fermentation have been made in recent years (Fu et al. 2004 , Sun et al. 2012 , Wei et al. 2012 . This species has been wrongly regarded in China as Cordyceps gunnii for more than 30 years. Its asexual morph was described in China as Paecilomyces gunnii Z.Q. Liang (Liang 1985) .
Cordyceps gunnii (Berk.) Berk. is known only from Australia (Berkeley 1848 , Hooker 1860 . A similar species, Cordyceps hawkesii Gray has been reported from Australia (Saccardo 1891) and Japan (Kobayasi & Shimizu 1983 ). More recently, Chen et al. (1984) reported C. hawkesii and its anamorph (Paecilomyces hawkesii) from China based on morphological observations. Tian et al. (2010) added two sequences for C. hawkesii to GenBank that had been collected in China, but their study lacked morphological description. Liu et al. (2002) and Liang (2007) reported that C. hawkesii is a synonym of C. gunnii (all specimens used for study were collected in south China). Saccardo (1891) mentioned that it is easy to distinguish between C. gunnii and C. hawkesii even though they both occur in Tasmania, Australia. Chan et al. (2011) revealed that collections of C. gunnii from China and Tasmania are not conspecific. Thus, there is a need to re-investigate the classification of these two taxa to avoid unnecessary misidentification.
In this study, collections of C. gunnii from China and Tasmania were restudied using multi-gene analysis and morphology. The collections of 'Cordyceps gunnii' from China are morphologically different to C. gunnii of Tasmania, and combined multi-gene phylogeny also shows them to differ and to belong in a different genus. The fungus named 'Cordyceps gunnii' in China, which has been regarded as a Traditional Chinese Medicine (TCM) for more than 1000 years is herein recognized as a new species, Metacordyceps neogunnii. Our results are reported herein.
Material and methods

Specimens and host
Collections were made in Yuntai Mountain, Shibin, Guizhou Province in April 2013 and in Huangshan Mountain, Anhui Province in June 2014. Specimens were stored in plastic containers at low temperature and transported to the laboratory for identification.
Morphological studies
Specimens were examined using an Olympus stereo dissecting microscope (Olympus Optec Instrument Co., Japan). Hand sections of the fruiting structures were mounted in water for microscopic studies and photomicrography. The microcharacters of the fungi were examined using an Olympus CX31 compound microscope and photographed (Wen et al. 2013 (Wen et al. , 2014 . Herbarium materials are deposited in the Herbarium of Guizhou University (GZUH). Facesoffungi numbers and Index Fungorum numbers are provided as detailed in Jayasiri et al. (2015) and Index Fungorum (2016).
DNA extraction, PCR amplification and determination of DNA sequences
The total genomic DNA was extracted from dried specimens using E.Z.N.A.
TM Fungal DNA MiniKit (Omega Biotech, CA, USA) according to the manufacturer's protocols and the extracted DNA was stored at -20 °C. Primes for amplifying and sequencing were: ITS5 and ITS4 for the internal transcribed spacer (ITS) (White et al. 1990 ), NS1 and NS4 for the ribosomal small subunit (18S) (Vilgalys & Hester 1990 ), 983F and 2218R for partial elongation Factor 1-Alpha (TEF1) (Sung et al. 2007b ) and CRPB1A and RPB1Cr (Castlebury et al. 2004) for partial second largest RNA polymerase subunit I (RPB1). PCR conditions were as follows: initial denaturation at 95 °C for 5 min, followed by 35 cycles at 95 °C for 50s, 50-53 °C for 50 s, 72 °C for 80 s, and a final extension of 72 °C for 10 min. All PCR products were directly sequenced by Life Biotechnology Co., Shanghai, China.
Sequence alignment and phylogenetic analysis
Blast searches were made to reveal the closest matches in GenBank for phylogenetic analysis. The taxa information and GenBank accession numbers used in the molecular analysis are listed in Table 1 . The four gene datasets (ITS, 18S, TEF1 and RPB1) from the Ophiocordyceps species, plus datasets obtained from GenBank were aligned using MEGA6.06 (Tamura et al. 2013) . Alignments were manually adjusted to allow maximum sequence similarity. Gaps were treated as missing data. Unweighted Maximium Parsimony (MP) analysis was performed using PAUP* 4.0b10 (Swofford 2002) . Trees were inferred using the heuristic search option with TBR branch swapping and 1,000 random sequence additions. Maxtrees were 5,000, branches of zero length were collapsed and all multiple parsimonious trees were saved. Clade stability of the trees resulting from the parsimony analyses were assessed by bootstrap analysis with 1,000 replicates, each with 10 replicates of random stepwise addition of taxa (Felsenstein 1985) . Trees were viewed in Treeview and exported to graphics programs (Page 1996) .
Results
Phylogenetic analyses
The partition homogeneity test (P = 0.01) suggested that the individual gene partitions were not highly incongruent (Farris et al. 1994 , Cunningham 1997 . The combined ITS, 18S, TEF1 and RPB1 datasets, included 227 sequences (including 206 from GenBank, Table 1 ), representing 38 species, and comprised 3,427 characters after alignment, of which 961 characters were parsimony-informative, 2,213 constant, and 253 parsimony-uninformative. Parsimony analysis generated 5,000 trees; SH test verified that they were similar, one of which (tree length = 2,289 steps, CI = 0.464, RI = 0.751, RC = 0.348, HI = 0.536) and the most parsimonious tree is shown in Fig. 1 . The materials collected from Guizhou and Anhui, China formed a separate clade from other species of Metacordyceps with credible bootstrap support (96%), but the relationship with other species within the genus was unresolved. Three specimens of Cordyceps gunnii from Tasmania, Australia formed a well-supported clade (100%), closely related to genus Tolypocladium in the family Ophiocordycipitaceae (Fig. 1) .
Morphologically, Metacordyceps neogunnii differs from other species of Metacordyceps in having longer asci and wider ascospores (Fig. 2, Table 2 ), so the new species is introduced.
We consider Cordyceps gunnii from Tasmania belongs to Ophiocordycipitaceae based on its multigene phylogeny and morphology analysis. 'Cordyceps gunnii' from China, used under the wrong name for 30 years, is now recognized as a new species, Metacordyceps neogunnii (Liang 1983) . Cordyceps gunnii var. minor from Anhui Province also belongs to M. neogunnii (Li et al. 1999 , Liang 2007 ) based on phylogeny (ITS tree not show) and its morphology analysis. This study was hindered by a lack of type species and molecular data, so Cordyceps hawkesii remains undetermined. Differs from related Metacordyceps species mainly in having longer asci and wider ascospores.
Type:-CHINA. Guizhou Province: Shibin County, Yuntai Mountain, on larvae of Lepidoptera in the soil, 23 April 2013, Li-Ping Chen SB13050302 (GZUH SB13050302, holotype!), ex-type living culture GZUCCSB130503021! Sexual morph: Stromata arising from head of host (larvae of Lepidoptera), solitary or in groups of 2-3, rarely branched, 40-80 mm long, 2-6 mm wide, pallid, fleshy. Stipe cylindrical 2-4 mm wide, white to grey, fleshy, glabrous, enlarging abruptly at fertile portion. Fertile portion round head-shape, 10-12 mm long, 3-6 mm wide, white to grey (fresh specimen). Ascomata crowded, completely immersed, ampuliform, ovoid to oblong, 630-830 × 240-340 μm ( x = 732 × 278, n = 10), curved, with the ostioles opening on the surface of the fertile head. Peridium 24-38 μm ( x = 29, n = 15) wide, comprising three layers. Asci 250-480 × 3-5 μm ( x = 347 × 3.8, n = 10), 8-spored, hyaline, narrowly cylindrical, possessing a prominent apical cap. Apical cap 5-8 × 3-6 μm ( x = 7.2 × 4.7, n = 15). Ascospores 330-460 × 2-3 μm ( x = 397 × 2.6, n = 15), hyaline, filiform, multi-septate, disarticulating into secondary ascospores. Secondary ascospores 2.5-4 × 1.5-2 μm ( x = 3 × 1.9, n = 15), cylindrical, hyaline. Asexual state: Paecilomyces-like.
Asexual morph: Colonies on Czapek agar, attaining a diameter of 25-30 mm within 14 d at 25 °C, dense, white at first, becoming pale to grey; brownish or dark brown at center, reddish brown at margin, slightly penetrating medium, reverse similar in colour (Fig. 2) . Conidiophores short, hyaline, smooth, up to 60 μm long, mostly arising from aerial hyphae. Conidiogenous cells swollen globose at basal portion, tapering into thin and long cylindrical neck, smooth, hyaline, 12-21.5 × 2-3 μm, sometimes proliferating. Conidia ellipsoidal, ovoid or fusiform, 1-celled, spinulose conidia, 3.5-5 × 2-3 μm, in long divergent, dry chains. Etymology:-Refers to previous, incorrect name used for this species in China, Cordyceps gunnii (Berk.) Berk. (Mortimer et al. 2012) and are listed in Chinese pharmacopoeia. Because of limited wild resources and high prices, many fake cordyceps have been found in markets, so determination of genuine cordyceps and related products is especially important for quality control (Zhu et al. 1998 , Wen et al. 2016 . Winkler (2009) estimated that total annual yield of natural O. sinensis in the Himalayas and Tibetan plateau is 85 to 185 tonnes, while the total amount emerged in world markets is more than 200 tonnes per year. Metacordyceps neogunnii, as a medicinal mushroom with high biological activity, has been also long regarded as a prized medicinal mushroom in China (Xiao et al. 2004 , Zhu et al. 2011 ).
There has been no thorough study of the collections of C. gunnii from China and Tasmania (Stensrud et al. 2005 , Sung et al. 2007a . Only one publication (Liu et al. 2002) suggested Chinese C. hawkesii and C. gunnii are conspecific based on 5.8S-ITS rDNA sequences. Lacking both a morphology comparison and sufficient molecular data, many details about these two species remain undetermined. Thus, a taxonomic re-evaluation of these important fungi was urgently needed (Chan et al. 2011) . This study conclusively demonstrates that the Chinese collections identified as C. gunnii are misidentified. Our results also support Quandt et al. (2014) and Spatafora et al. (2015) that Cordyceps gunnii from Tasmania is in the family Ophiocordycipitaceae.
The age of the stromata of a cordyceps species is often reflected by differing morphology, which is illustrated by Metacordyceps neogunnii in Fig. 2 (Liu et al. 2001 , Liang 2007 . In pharmaceutical industry and traditional medicine fields, correct identification of source material is essential. Incorrect scientific name of an organism may lead to legal disputes and ineffective conservation, and even misleading information in filing and retrieval (Chan et al. 2011) . The strategies used for identifying cordyceps species based on combined sequenced data from multi-gene loci could have a wide application in other traditional Chinese medicine and in fungal biotechnology.
